Alcohol can induce adipogenesis by bone marrow stromal cells and may cause osteonecrosis of the femoral head. Currently, there are no medications available to prevent alcohol-induced osteonecrosis. We hypothesized puerarin, a Chinese herbal medicine with antioxidative and antithrombotic effects, can prevent alcohol-induced adipogenesis and osteonecrosis. Both bone marrow stromal cells (in vitro) and mice (in vivo) were treated either with ethanol or with ethanol and puerarin, with an untreated group serving as a control. In the in vitro study, the number of adipocytes, contents of triglycerides, and levels of PPARc mRNA expression were decreased and alkaline phosphatase activity, contents of osteocalcin, and levels of osteocalcin mRNA expression were increased in cells treated with both alcohol and puerarin, compared with cells treated with alcohol only. In the in vivo study, marrow necrosis, fat cell hypertrophy and proliferation, thinner and sparse trabeculae, diminished hematopoiesis, and increased empty osteocyte lacunae in the subchondral region of the femoral head were observed in mice treated with alcohol. However, no such changes were seen in femoral heads of mice treated with alcohol and puerarin. The data suggest puerarin can inhibit adipogenic differentiation by bone marrow stromal cells both in vitro and in vivo and prevents alcohol-induced osteonecrosis in this model.
Introduction
Approximately one-third of patients with nontraumatic osteonecrosis (ON) have associated alcohol abuse [1, 5, 16-19, 36, 45] . Animal studies suggest alcohol can cause hypertrophy and proliferation of fat cells, fatty degeneration of osteocytes, and thinner and sparse trabeculae [20] . Several reports suggest primary marrow mesenchymal stromal cells (MSCs) and cloned bone marrow stem cells treated with alcohol resulted in adipogenic differentiation and decreased levels of alkaline phosphatase (ALP) and osteocalcin [10, 20, 28] . Adipose-specific gene 422(aP2) expression is enhanced and osteogenic gene Type I collagen expression decreased in MSCs exposed to alcohol [28] . These findings suggest the mechanism of alcohol-induced ON may be related to alcohol directly inducing adipogenesis and inhibiting osteogenesis in MSCs.
For thousands of years the traditional Chinese herbal medicine pueraria has been used to treat alcoholism [2, 25, 26, 32, 38, 41] . Recently, it was found puerarin, extracted from pueraria, is antioxidative, antithrombotic, and decreases cell injuries secondary to lipid peroxidation by protecting the stability of the cell membrane [4, 6, 7, 11, 12, 53, 55] . The findings indicate puerarin may have the potential to prevent alcohol-induced ON.
We therefore hypothesized puerarin inhibits alcoholinduced adipocytic differentiation of MSCs and fatty degeneration of osteocytes and may be able to prevent alcohol-induced osteonecrosis. We further hypothesized puerarin would reduce expression of PPARc, a transcription factor important in adipogenesis.
Materials and Methods
In order to test our hypotheses, we conducted both in vitro and in vivo studies. Bone marrow stromal cells and mice were treated either with alcohol only or with both alcohol and puerarin, or received no treatment to serve as control. Preventive effects of puerarin on alcohol-induced adipogenesis and osteonecrosis were analyzed by examining the morphologic changes, specific gene expression, serology, and histology.
We obtained bone marrow cells from the midshafts of 6-to 8-week-old male and female mice femurs and plated at a density of 1.5 9 10 6 cells/cm 2 . The cells were maintained in Dulbecco's modified Eagle medium (Gibco BRL, Gaithersburg, MD) containing 10% fetal bovine serum (Hyclone Laboratories, Logan, UT), 50 mg/mL sodium ascorbate, and antibiotics (100 U/mL penicillin G and 100 mg/mL streptomycin) in a humidified atmosphere of 5% CO 2 at 37°C. Medium was added to the wells at the same time as the cells were seeded, and was first changed after 72 hours, then every 48 hours thereafter. At the same time when cells were seeded, we established three groups: (1) cells treated with 0.09 mol/L ethanol, (2) cells treated with 0.09 mol/L ethanol and 0.01 mg/mL puerarin, and (3) cells without treatment as controls. Four replicates of each group were obtained. After 21 days of culture, cells of each group were fixed in 75% ethanol for 8 minutes and stained with Sudan III for 30 minutes at 60°C and counterstained with hematoxylin. The number of adipocytes in 100-mm 2 on each well in 24well plates was counted under a microscope (Leitz, Allendale, NJ, USA) equipped with a color video camera and frame grabber. The average number of adipocytes in 24well plates was calculated.
We assayed triglycerides using a kit (Sino-America, Luoyang, China). Confluent cells cultured for 21 days in each group were removed mechanically into 2 mL phosphate-buffered saline. The cells were lysed by freezing and thawing repeatedly and centrifuged at 700 9 g for 10 minutes by Sorvall RMC 14 (Kendro, Newtown, CT, USA). The supernatants were used for the assay. A solution of chloroform and methanol (2:1, volume per volume) was mixed with the supernatants, placed at 37°C for 5 minutes, and then the chloroform-methanol phase was removed. Using the kit, the levels of the triglycerides were determined with a Hitachi 7150 Biochemistry analyzer (Hitachi, Tokyo, Japan).
Alkaline phosphatase activity was determined using a kit for ALP (Changzheng Technological Inc, Shanghai, China). Confluent cells cultured for 12 days in each group were suspended mechanically in 1 mL phosphate-buffered saline for each well. The cells were lysed by freezing and thawing repeatedly and centrifuged at 700 9 g for 10 minutes by Sorvall RMC 14 (Kendro, Newtown, CT). The supernatants were used for the assay. Absorption was measured at 410 nm on a spectrophotometer (Spectronic Instruments, Rochester, NY). The values were standardized by determining the total protein in the cell layers with the use of a Coomassie brilliant blue method. Culture media from cells cultured for 14 days in each group were collected and used to determine the levels of osteocalcin by radioimmunoassay.
We randomly divided 216 4-week-old Kunming mice (experimental animal center, Henan Province) into three groups: (1) model group: mice received spirits (20 mL/kg body weight) containing 46% ethanol intragastrically and normal saline (10 mL/kg) by intramuscular injection; (2) experimental group: received spirits (20 mL/kg body weight) containing 46% ethanol intragastrically and puerarin (0.5 g/kg body weight) by intramuscular injection; and (3) control group: received water (20 mL/kg) intragastrically and normal saline (10 mL/kg) by intramuscular injection daily. In addition, the animals were free to receive food and water at all times. Fifteen animals from each group were sacrificed using overdose anesthesia 4, 6, 8, and 10 months after treatment and specimens were processed for histology, and additional 12 animals were used at 10 months to detect gene expression. The study protocol was approved by the Animal Review Board of the University.
We collected blood samples after a 12-hour fasting period 4, 6, 8, and 10 months after treatment. Serum levels of total cholesterol (CHO), triglyceride (TG), and alkaline phosphatase activity (ALP) were determined by a method of biochemical assay using kits (Sino-America, Luoyang, China).
Liver specimens harvested from the right lobe each measuring about 5 9 5 9 3 mm were processed for frozen sectioning, and 5-lm sections were cut, stained with hematoxylin and eosin (HE) or Sudan III (Sigma Chemical, St. Louis, MO), and examined by light microscopy. Femoral head specimens were cut symmetrically along the coronal plane into two parts. Half of the specimens were fixed in 10% formalin for 24 hours and then decalcified in 10% ethylenediaminetetraacetic acid (EDTA) in Tris-HCl buffer. The tissues were embedded in paraffin. Five-lm sections were cut and stained with hematoxylin and eosin. The remaining specimens were sent for frozen section and stained with Sudan III. We examined five sections from each animal using a modification of the method described by Warner et al. [51] . Briefly, five fields within the zone of the subchondral area of the femoral head on each section were chosen. The first field was located at the approximate center of the subchondral bone at the weight-bearing area, and the remaining four fields were located at both sides of the first field with two fields at each side. The mean of the five fields from each section was determined to represent that section. The mean of the five sections from each animal was taken as the value for that animal. The following parameters were assessed: (1) 200 osteocyte lacunae in each established field were counted under a light microscope at 9200 magnification, and then the percentage of the empty osteocyte lacunae was determined; and (2) the average diameter of the largest fat cell was measured in each field using an ocular micrometer under the light microscope at 9200 magnification [49] , and the average diameter for fat cells in each animal was determined.
After MSCs of each group were treated 6 days in vitro or animals of each group for 6 months in vivo, using b-actin as endocontrol, the expression levels of PPARc mRNA and osteocalcin mRNA were analyzed by reverse transcription polymerase chain reaction. Bone marrow cells from all three groups were maintained in media for 10 days, treated 6 days with 0.09 mol/L ethanol, 0.09 mol/ L ethanol and 0.01 mg/ml puerarin, or neither. The cells were digested with solution of 0.05% trypsin/0.02% EDTA, transferred into a centrifuge tube, and centrifuged at 1000 rpm for 10 minutes. The supernatants were removed. The remaining cells were lysed. Total RNA was isolated from cells using a Flash UNIQ-10 Spin Column Total RNA isolation kit (Sino-America, Luoyang, China). Animals from each group were sacrificed at 6 months after treatment. The femoral head specimens were placed into 1 mL TRIzol solution, ground completely, and rested for 5 minutes. Total RNA was isolated from ground femoral head using TRIzol methods. The expression levels of adipogenic transcription factor PPARc (peroxisome proliferator-activated receptor-c) mRNA and osteocalcin mRNA in cells and in animals were examined by reverse transcription polymerase chain reaction. The PPARc and osteocalcin primer were designed by the biomolecular research center of University of Virginia. The b-actin primer was designed by Jikang Biotechnology Ltd. Co. of Shanghai. All primers were synthesized by Dingan Biotechnology Ltd. Co. of Shanghai. The sequences were:
Products of b-actin, PPARc and osteocalcin were 408 bp, 205 bp, and 200 bp oligonucleotides respectively. Reverse transcription of extracted RNA was performed to synthesize cDNA. The synthesized cDNA was subsequently amplified by the polymerase chain reaction (PCR) with specific primers. PCR reaction products were obtained by electrophoresis using 1.2% agarose gel. Semiquantitative analysis of PCR products was performed using a gel imaging scanning system. The ratios of osteocalcin or PPARc absorbance value to b-actin absorbance value were viewed as absolute value of osteocalcin or PPARc product respectively.
The estimate of sample size was based on being able to detect at Month 10 a significant increase in largest fat cell size, number of empty osteocyte lacunae, and serum chemistry parameters in animals treated with alcohol only compared to mice that received both alcohol and puerarin and to mice that received no treatments. In computing sample size we assumed that each outcome represented a continuous random variable, taking on a value between 0 and 100%. We assumed the outcomes of study groups were distributed normally with means, and had a common standard deviation (r) of 9.49. In our computations we also assumed a Type I error rate (a) of 0.05, and power (1-b) of 0.80 to detect a 30% change in the parameters. Based on these specifications we estimated that a total of 216 mice were required with an estimated drop of rate of 10%, with mice being randomly assigned in equal number to the three study groups. Data are presented as mean ± standard deviation (SD). Means of cholesterol, triglyceride, ALP, largest fat cell size, and gene expression were compared using one-way ANOVA, followed by the SNK multiple comparison procedure. Rates of empty osteocyte lacunae were compared using the multisample Kruskal-Wallis test.
Results

In Vitro Study
Puerarin inhibited adipogenesis while maintaining osteogenesis. In MSCs treated with alcohol for 2 weeks, cytoplasmic lipid droplets were observed under the inverted phase-contrast microscope. The size and number of fatty droplets increased with longer duration of culture. Few fatty drops were observed in the experimental and control group. At Day 21, staining with Sudan III showed a number of adipocytes in the MSCs of the model group were filled with reddish-orange lipid droplets (Fig. 1A) , while fewer triglyceride vesicles appeared in the MSCs of the experimental group (Fig. 1B ) and the control group (Fig. 1C) . Adipocytes in the model group were 8.9-times (p \ 0.001) and 15.6-times (p \ 0.001) of that in the experimental group and control group respectively. The levels of triglycerides in the experimental group were decreased (p \ 0.001) compared to the model group. As compared to the model group, the levels of ALP in the experimental group and control group were increased (p \ 0.001). The levels of osteocalcin in the experimental group and control group were 2.2-and 5.29-times of that in the model group respectively (p \ 0.001). No differences (p [ 0.05) were seen between the experimental and control groups (Table 1 ).
In Vivo Study
Similar to the in vitro results, puerarin inhibited adipogenesis while maintaining a relative normal level of lipid metabolism and osteogenesis, and thus prevented osteonecrosis. After 6 months of treatment, levels of total cholesterol in serum in mice treated with alcohol was increased (p \ 0.01) as well as the triglyceride level (p \ 0.001) compared to the experimental and control groups. In contrast, ALP values were decreased (p \ 0.01) ( Table 2) . Fatty livers were found in animals that were treated with alcohol but not seen in the experimental or control group mice. Marrow and bone necrosis, diminished hematopoiesis, increased fat, and an increased percentage of empty osteocyte lacunae occurred in the subchondral region of the femoral head 6 months after treatment with alcohol ( Fig. 2A-C) . But no such changes were observed in the experimental group. While the percentage of empty Table 3 ). The average diameter of the largest fat cells in the model group was increased (p \ 0.05) compared to the other two groups ( Table 4 ).
Gene Expression
The expression of PPARc mRNA in the cells or animals of both the experimental group and control group was lower (p \ 0.05) than that in the cells or animals of model group, and there was no difference (p [ 0.05) between the experimental and control groups. The expression of osteocalcin mRNA in the cells or animals of both the experimental group and control group was higher (p \ 0.01) than that in the cells or animals of the model groups, and there were no differences (p [ 0.05) between the experimental and control groups (Figs. 3, 4, 5 ). 
Discussion
Although a number of studies document alcoholism in 10% to 74% of patients with nontraumatic ON of the femoral head, the mechanisms of alcohol-induced ON remain unknown and presently there is no effective treatment for the disease [1, 5, 16-19, 21, 23, 36, 45, 47] . Hypertrophy and proliferation of fat cells, diminished hematopoiesis, lipid deposition in osteocytes, fatty degeneration of osteocytes, marrow necrosis, and thinner and sparse trabeculae are histopathologic changes occurring in the early stages of steroid-and alcohol-induced ON of the femoral head [9, 19, 22, 23, 36, 47, 50, 57] . Several hypotheses have been proposed in the literature, including the increased size and number of fatty cells, increased intraosseous pressure, fatty degeneration of osteocytes, fat embolism, and extraosseous arterial occlusion due to abnormal changes in histologic features, hemodynamics, metabolism, and biochemical features within the femoral head [1, 10, 17, 23, 24, 35, 39, 48] . Studies on primary and cloned MSCs have demonstrated differentiation into a large number of adipocytes increased while levels of ALP activity and osteocalcin decreased with longer durations of exposure and with higher concentrations of steroid or ethanol [8, 10, 28, 56] . These findings indicated steroids or alcohol can directly induce adipogenesis and reduce osteogenesis in bone marrow stroma, and produce intracellular lipid deposits leading to death of osteocytes, which may be associated with the development of ON [20, 23, 27, 44] , especially in patients with long-term and excessive use of steroids or alcohol. Puerarin, a Chinese herbal medicine, has antioxidative and antithrombotic effects. We therefore hypothesized puerarin inhibits alcohol-induced adipocytic differentiation of MSCs and fatty degeneration of osteocytes and may be able to prevent alcohol-induced osteonecrosis. We further hypothesized puerarin would reduce expression of PPARc, a transcription factor important in adipogenesis.
A major limitation of the study is that while marrow adipocyte proliferation and necrosis were observed, no femoral head collapse was noted during the study. These pathologic changes simulate early stage human form of ON but do not reflect the late stage of ON. Therefore, even if the treatment is effective in this animal model, it may not be useful in humans.
At present, there are no effective treatments for earlystage ON. To some extent, this is because the pathogenesis of ON is unknown. However, recent advances in cell and molecular biology have enabled researchers to identify some of the key factors contributing to the development of ON. It is now well known MSCs can differentiate into osteoblasts, adipocytes, chondrocytes, and even myoblasts [3, 40] . There is evidence for a considerable degree of plasticity in the differentiation of these stromal cell lines [14, 52] . Most MSCs can differentiate into osteoblasts and osteocytes, and a few into adipocytes, under normal culture conditions in vitro [8, 20, 56] . Alcohol can induce the differentiation of MSCs into adipocytes and inhibit their osteogenic differentiation, which may be a triggering step causing the onset of ON and the pathogenesis of alcoholinduced ON [10, 20, 28, 50] . Because the differentiation of MSCs into adipocytes might be one of the most important reasons leading to steroid-or alcohol-induced ON, the proper therapy should be directed at inhibiting the differentiation of MSCs into fat cells. Lovastatin prevents steroid-induced adipogenesis and onset of ON [9, 29, 30] . However, few studies are associated with treatment of alcohol-induced ON. Consistent with previous observations [10, 20, 24, 28, 46, 50] , our data suggest alcohol can induce adipogenesis both in vitro and in vivo, a change found in early stage ON. Adipogenic differentiation is a complex process regulated by many factors. PPARc is closely involved in the induction of fatty differention [29, 33] . It is an adipogenic regulator and belongs to the nucleus hormone receptor subgroup. Its activity is regulated by ligands like most members of nucleus receptor families [33] . PPARc mRNA appears before activation of many other adipocyte genes in adipogenic differentiation of 3T3-L1 and 3T3-F442A cells [43] . Our study suggests the high level of expression of PPARc occurred only in model groups treated with alcohol, indicating alcohol may be a factor for these bone marrow cells to change from a primarily osteogenic nature to adipogenic phenotype. Although the regulation of adipogenesis may involve complex mechanisms, the data suggest fat cell hypertrophy and hyperplasia in bone marrow may be a direct result of treatment with alcohol. Other mechanisms may also be involved in the development of alcohol-induced ON. Consumption of alcohol can elevate serum lipid peroxides and reduce superoxide dismutase activity [25, 26] . Lipid peroxidation may cause cytomembrane injury and induce degeneration of arterioles and arteriolosclerosis, which eventually leads to ischemia in the target organ, including the femoral head. Furthermore, the direct cytotoxicity of lipid peroxidation, caused by alcohol and its metabolites, might further insult ischemic osteocytes, resulting in an irreversible state of injury leading to cell death and finally ON. In addition, alcohol consumption produces a fatty liver and alcoholic liver injury [17, 31, 37] . Serum triglyceride and cholesterol levels increase, fat degeneration is induced, and liver cells are injured. These changes, as our data indicate, may produce fatty vesicles in the circulation, leading to embolism and ischemia in the subchondral region of the femoral head.
Puerarin inhibited alcohol-induced osteonecrosis in our preliminary studies. The traditional Chinese medicine pueraria has been used to treat alcoholism for thousands of years. Recently, many observations demonstrate puerarin extracted from pueraria is antioxidative, can prevent injuries to cells due to lipid peroxidation, and can maintain the stability of the cell membrane structure by removing the oxyradicals from tissues and cells [4, 6, 12, 13] . The protective effects of puerarin on cells are also related to calcium ion rivalry and b-receptor blockage [54] . In addition, puerarin can decompose acetaldehyde, suppress alcohol absorption, accelerate metabolism and excretion of alcohol in blood, decrease blood viscosity, and inhibit blood platelet aggregation [7, 15, 34, 42] . Thus, these effects of puerarin can prevent the development of a fatty liver, hyperlipidemia, and capillary vessel wall injuries, and hypercoagulation. Most importantly, the data suggest puerarin can decrease alcohol-induced adipogenic gene expression and thus diminish fat marrow changes, while maintaining the cell's osteogenic differentiation. The inhibitive effects of puerarin on bone-marrow adipogenesis and its concomitant enhancement of osteogenesis may provide a novel approach to the prevention and treatment of alcohol-induced ON. Fig. 5 Electrophoresis of PPARc and osteocalcin mRNA in the femoral head of mice shows expression of PPARc mRNA in the tissue of both (B) the experimental group and (C) the control group was lower (p \ 0.05) than that in the tissue of (A) the model group. Expression of osteocalcin mRNA in the tissue of both the experimental group and control group was higher (p \ 0.01) than the model group, and there was no difference (p [ 0.05) between the experimental and control group.
